Introduction
The knowledge and control of carbon vacancy sites play a crucial role in providing diamond with a technological perspective in several areas, both as a competitor of silicon in challenging applications [1] and as a potential candidate for the development of new technologies, specifically in the field of photonics [2, 3] , biological imaging [4, 5] , and qubit information processing [6, 7] .
Charge transport and light emission properties in diamond are in fact influenced by, or even strictly dependent on charge state and electronic excitation of localized sites that are directly or indirectly related to carbon vacancies in the network. Carbon vacancies are in turn influenced by nearby lattice modifications caused by possible impurities or dopant atoms substituting for carbon -mainly nitrogen -occurring in several variants or aggregates [8] . As a result, vacancies in diamond show a number of different configurations -neutral or negatively charged -related to perturbations by nearby atoms [9] . The phenomenology arising from all vacancy-related lines and bands in the photoluminescence (PL) spectrum is quite complex, with a variety of spectral features which show peak positions ranging from ultraviolet to infrared (IR) [3, 8] , and spectral linewidth from values close to the Fourier transform limit [10] to bandwidths of tens of nm, broadened by phonon interactions. Main vacancy variants arise from perturbation by nitrogen sites -studied since the '70s and actively investigated in the last decade for its stable and charge-tuneable light emission in nanodiamonds [11] [12] [13] [14] . Si substituted sites [14] [15] [16] were discovered in the '80s and found in recent years to be a unique system for the generation of single photons and single highly coherent spins for quantum information processing [3, 17, 18] . A number of other vacancy sites -included those induced by Xe implantation [19] -received anyway attention to possibly enlarge the spectral range of use of the peculiar features of vacancy light emission. No information, except for numerical calculation [20, 21] , is however available on perturbations or even variants of C-vacancies nearby interstitial carbon defects or extended structural defects as platelets of interstitial carbon layers.
In the present work, we report on a PL pattern whose spectral features point to a previously unidentified variant of light-emitting sites. The new spectral pattern is accompanied by the phonon mode of interstitial carbon platelets in the IR absorption spectrum, and matches the energies calculated for electronic transitions of vacancies interacting with interstitial carbon structures. Our work indeed constitutes the first report on the optical properties of vacancies interacting with interstitial carbon sites, predicted by ab initio calculations [20, 21] which, up to now, were still lacking of an experimental PL evidence. The confirmation of light-emitting variants at carbonrelated nanostructures is a breakthrough in view of very recent results which prospect a novel technique of laser-induced controlled generation of layered extended defects in diamond [22] , opening the way to the future creation of oriented patterns of light-emitting vacancies. 
Materials and methods
Samples were selected out of a large set of more than one hundred type Ia diamonds (few mm 3 in size, on average), after a detailed characterization by infrared (IR) absorption measurements so as to assure an adequate sampling of diamond systems with different content of carbon platelets and other coexisting defective structures. To date, type Ia natural diamonds are in fact the systems of choice to investigate carbon platelets, which are someway related to the structural perturbation induced in natural crystals by nitrogen aggregates [23] , i.e. the fingerprint of type Ia diamonds [8] .
Furthermore, all samples were selected out of diamonds subjected to treatments of irradiation and heating (yellow diamonds with artificially modified colour [24, 25] ) -able to create vacancy sites and to activate vacancy diffusion [26] , so as to potentially promote vacancy trapping at extended defects. In our investigation, to get a detailed characterization of the defective state, the whole set of diamonds were analyzed by IR absorption measurements. The obtained data were then used as a basis to select samples suitable to assure adequate sampling of structures with different content of carbon platelets (see Table 1 for sample details). IR measurements in the 'one phonon' spectral region, from 1000 to 1400 cm -1 , were used to check and quantify the occurrence of platelets and the presence of nitrogen aggregate A and B [8] . Near IR measurements at around 5000 cm -1 were instead carried out to monitor H1b and H1c centres through their narrow electronic transitions [27] .
Both kinds of measurements were carried out by means of a Diffuse-Reflectance Infrared FourierTransform (DRIFT) spectrometer with a spectral resolution of 4 cm -1 . DRIFT data are reported as log(1/R), where R is the relative intensity (with respect to a reference signal) of the collected diffuse signal (resulting from reflected, transmitted, and diffused signals in a wide solid angle). The log(1/R) value, in the approximation of not too a high absorption, is nearly proportional to the absorbance A, which in turn is linearly dependent on the concentration of absorbing species, according with the Lambert-Beer relationship. 
Results and discussion

Nitrogen aggregates and carbon platelets
In Fig. 1a we report IR spectra of samples representative of the variety of platelet-containing type Ia diamonds. Within the entire spectral range from 400 to 6000 cm -1 we register all the main expected features of this class of materials, with differences from sample to sample as underlined below. At energy comprised between about 1000 and 1400 cm -1 (see Fig. 1b substitutional N atoms -C defects. At higher energy, at around 1360-1370 cm -1 , we register the phonon mode of interstitial carbon platelets, whose spectral position shows some variation, slightly depending on the platelet size (see Fig. 1c ) -the larger the platelet, the smaller the phonon energy [21] . The 1000-1400 cm -1 region is where the main differences among samples occur, reflecting different content of A and B aggregates and interstitial carbon platelets. The five selected samples comprise a high-platelet-content system (Hpc sample), three intermediate-platelet-content systems (Ipc samples) with different ratio between A and B aggregates (Ipc-3, Ipc-2 and Ipc-1 samples, from largest to smallest A/B ratio), and a reference system with very low content of platelets (Lpc sample). Referring to the type classification system of diamond, the analysed samples can be classified as type IaA, IaAB (with A>B, A<B, and A≈B) and IaB. The spectral position of the platelet mode ranges from 1370 to 1360 cm -1 , reflecting differences in the mean platelet size [21] . In Fig. 1d , we report the details of the spectral region of the electronic transitions H1b e H1c at 4932 and 5162 cm -1 , respectively. Such narrow peaks are not definitely ascribed to specific defects yet. However, H1b and H1c are someway related to the evolution of A and B aggregates, respectively, after irradiation and heating treatments [8] . The spectra in Fig. 1d in fact register low intensity of H1b peak in samples with weak contributions of A aggregates in the IR spectrum in the region 1000-1400 cm -1 (Fig. 1b) . In summary, the set of selected samples turns out to be representative of the main varieties of platelet-containing diamonds, comprising quite different platelet contents and, at comparable platelet content, different amount of A and B nitrogen aggregates and the related H1b and H1c centres. 
Doublets in the photoluminescence spectra
We report in Fig. 2 PL spectra collected at 77 K exciting at 488 nm ( Fig. 2a ) and 633 nm (Fig. 2b ).
The spectra in Fig. 2a show much of the known phenomenology of nitrogen-containing Type I diamonds. Specifically, we register intense peaks at 496 and 503 nm (with structured phonon sidebands) from H3 and H4 centres -attributed to vacancies trapped at A and B nitrogen aggregates -and the well-known NV 0 and NV -zero phonon lines and their related phonon sideband signals at 575 nm and 637 nm, respectively. Additional minor peaks (undetectable at room temperature) lie in the 650-750 nm red region, outside the set of main spectral structures which already received an attribution. We obtain much better evidence of such undefined peaks in the spectra excited at 633 nm ( Fig. 2b) , since a large part of the decay processes excited by 488 nm radiation are removed.
The lack of all the main emissions of Type I diamonds allows us to highlight features not previously analyzed in detail. In fact, looking at and vice versa, as exemplified in the spectra of samples Lpc and Ipc-1 in Fig. 2b , respectively.
Interestingly, by comparing PL spectra of Fig. 2b and IR data of Fig. 1 [8, 28, 29] , but detected at low temperature only and, importantly, never associated to each other in a doublet of lines.
The emissions in the D a doublet, differently from the D b doublet, show a strong change of intensity ratio. The high-energy line at 1.87 eV (662 nm) decreases with increasing the temperature and turns out undetectable at 298 K (Fig. 3a-c) . As a result, the low energy line of the D a doublet at 1.82 eV (681 nm) appears as a single line at room temperature. Interestingly, its peak wavelength falls just in the spectral position of a previously reported emission [30] which however, at the best of our knowledge, has not been associated to a doublet of lines nor has it received an attribution yet. 
Satellites and replicas in D a and D b doublets
Minor peaks -almost undetectable at room temperature but easily observed at low temperatureaccompany almost all the main emissions. Specifically, looking at Fig. 5 , we notice that both the D a lines (Fig. 5a ), as well as the D b components (Fig. 5b) , show a minor satellite about 10 meV higher in energy. Similar high-energy satellites, with comparable splitting from the mail line, were found in other absorption and emission lines of vacancy centres in diamond, specifically in the spectra of negatively charged vacancy and of the neutral vacancy [31, 32] . In those cases, the splitting turns out to be ascribable to Jahn-Teller effect on the involved states. We report in Fig. 6a the spectral position of all the detected peaks in the temperature range from 77 to 300 K in the case of sample Ipc-3. It is worth noting, looking at Fig. 6a 
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The μ and ν values we estimate in D a are quite similar to those calculated for NV sites. By contrast, the thermal shift of the D b lines indicate a μ/ν ratio significantly greater, with a contribution of the T 2 term larger than in all other vacancy centres. We notice that the T 4 term arises from the combined effects of local stress by lattice expansion (varying as T 4 [35, 37] ) and electron-phonon quadratic coupling with hard phonon modes mainly (whose term varies as T 4 as well [33, 35, 38] ).
By contrast, contributions with T 2 dependence are the result of a strong softening of phonon modes in the excited state [33] . Therefore, our data points to an important role of soft modes in the electronic transitions responsible for the D b doublet.
It is worth noting, as regards the electron-phonon coupling, that the D b component at 1.71 eV displays a sideband, mainly detectable in the low energy side (Figs. 3 and 5 ). Looking at the 1.71 eV line of the D b doublet and its sideband, we can highlight some relevant facts. First, the spacing of the low-energy replicas (of a few meV) is sensibly narrower than that encountered in the majority of light-emitting defects in diamond [38] . Second, the energy spacing is sample dependent in the investigated samples (see spectra in Fig. 2 and 3 ). Third, besides such a distribution of energy spacing from sample to sample, we also observe a sample dependent broadening of the replicas as well as of the main line at 1.71 eV. Starting from these facts, we notice that extended defects of interstitial carbon layers can constitute a source of sample-dependent electron-phonon interactions, since they are aggregations with size distribution largely varying from sample to sample, provided that the size differences from sample to sample are enough to cause detectable spectral changes. To verify this possibility, we reconsider the evidences of carbon platelets in the IR spectra in Fig. 1c, looking at the differences of bandwidth among the samples.
We report in The low-energy Raman spectrum we collected in platelet-rich samples indeed indicates the occurrence of soft modes with energy of about 75 and 150 cm -1 (Fig. 8) . 
Comparison with calculations and models
The articulated scheme of spectral energies and temperature-dependent intensities reported in Figs. We notice that the energy spacing of the D b doublet is consistent with the energy level scheme of a vacancy site at interstitial carbon platelets as it was obtained from first principle calculations [21] , as we report for comparison in Fig. 9 . In fact, vacancy sites at interstitial platelets would account for the relationship between D b PL and platelet IR features (Fig. 7) . Furthermore, the ladder-like interstitials structure in a platelet -following the proposal by Goss et al. [21] and based on the Humble structure [39] -can be the source of local soft modes responsible for both the spectral shift of D b lines with the temperature (Fig. 6 ) and the low energy Raman spectrum in Fig. 8 , which is in turn consistent with the D b structure sidebands (Figs. 3 and 5) . In fact, the occurrence of vacanciestogether with N atoms -locally preventing the full bond-reconstruction can stabilize 2C=C-C=2C
structures of pair of under-coordinated carbon sites (Fig. 10a) . These structure can in turn give phonon modes at relatively low energy thanks to almost pure bending vibrations of the pair of three-fold coordinated =C-sites (as sketched in Figs. 10b,c) .
As regards the D a doublet, which does not show a systematic correlation with the occurrence of platelets, we register a partial matching with energy spacing of other species of interstitial carbon defects, as the [001]-oriented split interstitial I 1 <001> or some forms of the di-interstitial I 2 [20] .
Actually, the reported spectral data alone are not enough to support such an attribution, and both I 1 <001> and I 2 were associated to an optical activity [20] which we do not observe. However, our results on the D a doublet suggest the possibility of some additional variants of vacancy at interstitial carbon aggregates which might be checked by future computational studies. and Smith et al [41] . We also notice that the PL sideband shows a prominence of the even-order replicas.
A model for the low-energy excitations
Assuming that all tunneling transitions have the same coupling to the PL process, this may simply reflect the fact that the 2 nd , 4 th … order replicas receive, in addition to the contributions of 2,4,… tunneling transitions A 1  E or E  B 1 of energy 2Δε, also those of 1,2…transitions A 1  B 1 of energy 4Δε. Since tunnel excitations in a single split-interstitial cannot exceed the total energy of 4Δε, the apparent truncation of the sideband beyond the 4 th -order replica suggests that no more than two split-interstitials are involved in a single PL transition. As regards Raman scattering, all three possible tunnel transitions are Raman active, with the peak at 150 cm -1 receiving both the oneexcitation A 1 B 1 and the two-excitation contributions from the combinations of A 1 E and EB 1 .
Conclusions
Our work highlights two new PL doublets in the red spectral region of type Ia diamonds. These 
